The hole wall defects created during drilling of carbon fiber reinforced polymer laminates are analyzed. First, an analysis of the location of the defects on the wall is performed. It is shown that, using results of orthogonal cutting, it is possible to predict the location of the main defects. Then refined scanning electron microscopic observation shows the different patterns of the defects. These observations raise the question of the quantification and measurement of the quality of holes drilled in composite laminates. Two roughness parameters, Ra and the bearing surface are compared and significant differences are found. This study is a contribution to a better definition of quality indicators for machined surfaces in composite structures, which should help to limit overquality and production costs.
Introduction
Drilling is the machining operation most commonly performed on composite parts. 1 It allows substructures to be assembled even though, nowadays, composite structures are being manufactured in ever larger parts to minimize the number of joints and optimize their cost and weight. 2 When such structures are drilled, quality assessment is a major issue. A hole roughness criterion, such as Ra, is used by practically all authors and is also sometimes used in industry, depending on the manufacturer's policy. This criterion is relevant when metals are machined because surface defects are almost regular. However, it can be questionable for laminated parts. So this study aims to investigate the question from the beginning and to analyze what hole wall defects really are, where they are, and how they can be quantified.
The drilling of composite structures is of interest to researchers and industrialists and has been the subject of four review papers in the last 2 years. [3] [4] [5] [6] According to these reviews, most researchers focus on the effects of cutting parameters on the hole quality and the different types of defects induced by the drilling operation. These defects are divided into three groups: [7] [8] [9] defects at the hole entry, hole wall defects, and defects at the hole exit. Delamination or local splitting can be caused at the entry and at the exit of drill bits. These defects are critical because they reduce the strength of the final part and up to 60% of drilled parts can be rejected. 4, 10, 11 It is clearly imperative to avoid such defects in aircraft parts and considerable research has been devoted to analyzing and preventing them. Most authors seek to quantify the effects of different tools on the cutting forces and the lifetime in order to optimize the manufacturing process. [12] [13] [14] [15] [16] [17] A major research effort has also been made to avoid critical defects such as delamination by providing models for calculating critical force or analyzing cutting forces. 5, [18] [19] [20] [21] [22] Criteria, such as a delamination factor, have also been proposed to assess the criticality of these defects. 23, 24 The hole wall itself may suffer from different types of drilling defects: hole circularity and cylindricity, location tolerance, matrix burning, and surface roughness. 9, 25 The most common criterion used for quantifying a surface finish is the roughness, Ra, which is used in various references. 15, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Pihtli et al. 28 assume that, because of the difference of microgeometry between composite and metallic materials, the roughness criterion is not sufficient to describe the surface finishes of composite parts. Some authors have proposed other surface finish criteria for composite materials. For example, Ghidossi et al. 36 propose two criteria for machined surfaces:
. The percentage of damaged surface, which corresponds to the area occupied by the microcavities (resulting from the pull-out of fiber bundles) created during machining. . The length of fibers protruding from the machined surface. When the fibers are oriented at 45 relative to the direction of cutting, they are sheared and the surface appears very rough. Some of these fibers are badly cut and so protrude from the machined surface.
Arola et al. 30 conducted tests with different types of drilling tools and different methods of drilling in order to highlight the influence of the hole quality on the mechanical properties of fiber reinforced polymer (FRP). To do this, they determined a coefficient of stress concentration related to the hole and drilling defects. They defined a stress concentration factor associated with the surface finish, Kt (which was dependent on the roughness parameters) and a stress concentration factor associated with the hole quality, Kt(q), (defined as the sum of the surface finish and surface integrity (matrix burning and other hole wall defects)). The results of their study showed that the hole quality (Kt(q)) had a definite influence on the tensile strength of specimens with holes. Other authors [31] [32] [33] [34] [35] have also established links between strength and hole quality. This point should also be developed to assess the quality of a hole but will not be considered further in this paper.
Through a drilling campaign on CFRP samples with three levels of surface finish, the present study will first provide a qualitative analysis of surface roughness through microscopic observations. The locations of the defects and their patterns will be shown. Then, from a quantitative point of view, the conventional roughness, Ra, measured over the entire wall surface of the hole, will be compared with a non-standard criterion chosen after the first part of the analysis.
Materials and methods
The specimens were made from layers of unidirectional carbon/epoxy prepreg composites T700GC/M21 with fiber weight of 268 g/m 2 . Two types of stacking sequences were studied. The first was quasi-isotropic and had a thickness of 4 mm (25% for each ply orientation (45 , 0 , À45 , and 90 )). The second was highly oriented with 50% of plies at 0 and had a thickness of 5 mm. Ultrasonic NDI was carried out to inspect the plates after curing. No defects were noted.
Drilling tests were conducted on a 3-axis machining unit with numerical control. The specimens were drilled with a tungsten carbide bit coated with polycrystalline diamond and having a diameter of 6.35 mm. Several ranges of feed speed and cutting speed were tested to choose the three final drilling configurations. The first produced low Ra, the second medium Ra, and the third high Ra (Table 1) . A worn tool was obtained after the drilling of a 100 holes, which meant a total drilled length of 450 mm. The flank wear was VB ¼ 0.2 mm and the crater wear was KT ¼ 35 mm. In order to avoid any other type of drilling defects (delaminations at entry and exit), the specimens were clamped with wood plates at both sides ( Figure 1 and Table 1 ). Then the overall dimensions and the absence of local burning and delamination were checked. These defects are known to be critical for the mechanical resistance of composite assemblies. This was the only condition imposed in this study. It was thus possible to focus only on the wall defects. Two types of hole inspections were used. First, a qualitative analysis of the defects was performed using scanning electron microscopic (SEM) observations on half holes. However, it was impossible to perfectly determine the extent of defects, especially their depths, from these photos. Therefore, to complete the study, drilled specimens produced using two drilling configurations were polished, beginning on their top surface, in order to identify the type of drilling defect around the hole, and progressing into the thickness for each layer of the laminate and for two drilling configurations. Figure 2 shows the method used for polishing the surface. The polishing was done very carefully to avoid creating supplementary defects. To check the technique, a specimen with no hole was polished in the same conditions and no cracks were observed. The specimens were polished in steps of about 250 mm (thickness of a single ply) to observe defects located in each layer.
Second, a quantitative analysis was made using conventional roughness measurements. The roughness measurements were performed with a Mahr 3D roughness meter used with the Perthometer concept software. Perthometer concept is a computer-aided measurement station intended for the measurement and analysis of roughness, contours, and topography. The probe characteristics are: inductive sensor; measurement extent: AE250 mm; measuring force: 0.7 mN; tip geometry (DIN ISO): diamond tip; stylus tip: 2 mm/ 90 ; height of minimal insertion: 4.5 mm; linearity gap: 1%. A device (Figure 3 ) was designed to measure the roughness every 1.5 of angle in order to obtain a maximum of information on the hole surface. The tool ( Figure 3 ) was guided on the table and was perpendicular to the probe axis. The components of this tool were:
. One vertical indexing plate to obtain very accurate rotation angle values. The precision was approximately 0.01 . . One circular plate on which two spacers were screwed to support the specimen. . One centering pin fitted into the central hole of the circular plate. . Two clamps to hold the specimen on the circular plate.
The specimen was first positioned by means of the spacers so that it was perfectly parallel to the surface of the plate (reference surface on which the assembly rested). It was then centered in the fitting by a pin. The bearing face of the specimen in this assembly was the smooth face obtained after curing. The assembly was positioned (by gage blocks) in such a way that the stroke of the probe started 0.5 mm from the edge of the specimen. To assess the reproducibility of measurements, five measurements per sample were performed on a set of five samples. The calculated discrepancy of these measurements was less than 6% whatever the samples and the parameter of interest. We deduced that the tool was suitable for making the required measurements.
The cut-off length chosen for all samples was 0.8 mm. The specimens having almost isotropic stacking were palpated over a length of 3.2 mm and those with oriented stacking were palpated over 4 mm. The probing speed was 0.5 mm/s. Measurements were carried out every 1.5 , resulting in a total of 240 lines of measurements per hole. This measuring configuration was chosen after a study of the variability of the maximum roughness versus the number of steps on a portion of surface.
The data were then exported to MATLAB to obtain a roughness map of the hole. A program was written with MATLAB software to obtain a 3D map of a ''developed'' hole surface (Figure 4 (a) and (b). The same program calculated (using the ISO standard filters ISO12085, ISO 13565, ISO 4287, ISO 11562) the roughness and waviness parameters associated with the surface (Figure 4(b) ). An example of a pattern obtained for a quasi-isotropic laminate is given in Figure 5 .
Locations and patterns of the defects
Previous works 9,37,38 on orthogonal cutting have shown that the behavior of fibers under the cutting edge depends on the angle they make with the direction of cutting. The most severe drilling defects were caused by tearing out of fibers, and were observed when the fibers were oriented at À45 relative to the direction of cutting. Figure 6 recalls this behavior:
. When fibers are at 0 relative to the cutting speed direction (point A), they are subjected to compression and bending. They are ''lifted'' by the cutting edge (and thus the fibers debond). . When fibers are oriented at 45 relative to the direction of cutting, the fibers are sheared and the surface appears very rough (point B). . When fibers are oriented at 90 to the direction of cutting (point C), they undergo maximum flexion and then cut cleanly. . When fibers are oriented at À45 to the direction of cutting (point D), they are subjected to bending and shear. However, this phenomenon is limited by the fiber behind the one in question. When their bending strength limit is reached, fibers break off. Tearing of fiber bundles can then be observed.
SEM observations were made on two half-holes of drilling configuration 3 (bad surface texture) for each of the two stacks studied. There were drilling defect patterns specific to each stacking sequence (Figure 7 ). For the quasi-isotropic layup, there was a triangular arrangement which was influenced by the shift of þ 45 between the plies. For highly oriented laminates, there was a different location in the form of a trapezium due to the large number of 0 plies. Qualitative comparisons of defects observed by SEM and roughness mapping are shown in Figure 8 . The correlation between these two measurement methods seemed reliable in the sense that the same patterns of defects were observed. This observation suggests that the nature and the location of the defect in the hole wall can be predicted as shown in Figure 9 . The diagrams in this figure represent the ''theoretical'' areas of the largest defects (obtained by considering only the À45 worst defects).
These defects were positioned on the developed hole walls. The strong similarity among Figures 7-9 shows that the localization of the main defects can be predicted. We note that, unlike the machining of metallic materials, there is no periodicity in the direction of roughness measurement ( Figure 9 ). Thus a criterion like Ra is not necessarily the most relevant. Moreover, in the practical case where measurement lines are not taken close together for obvious economic reasons, it is possible to obtain very different roughness values along the lines of palpation (usually 4). A slight shift may generate a large discrepancy in the roughness measurement. This is especially true for highly oriented stacking. Considering the strength, if the location of the largest defects coincides with the highly stressed areas (case of open hole 39, 40 or filled hole 41 ), it is likely that they will have an influence on the failure scenario of the part. This link between wall defects and mechanical strength remains to be established, however.
The information noted above is not sufficient to fully characterize the defects. So, a zoom on the defects in the case of a quasi-isotropic laminate is shown in Figure 10 . In this figure, the defects predicted in Figure 6 are now visible and can be detailed: Figure 10 (a): Tearing located on a 0 ply. This defect is located midway between the edge of the half hole and the hole axis because, at this point, the cutting direction is À45
with respect to such fibers. ply. This defect is located midway between the edge of the half-hole and the hole axis because, at this point, the cutting direction is 45 with respect to such fibers. . This defect is very close to the axis of the hole because, once again, the direction of cutting is À45 with respect to such fibers. This defect propagates to the adjacent 90 layer. For the 0 plies, and for good surface finish, the defects are very small, as shown in Figure 11 (b). For bad surface finish, the main drilling defects on the 0 ply appear at À45 relative to the main direction of the fibers and the drill rotation direction as already shown. These defects have the shape of microcavities in the ply thickness. Nevertheless, we can also observe the appearance of deeper drilling defects in the main fiber direction, which were not captured by roughness or surface SEM (areas 1 and 2, Figure 11(a) ). These defects are the debonding between fibers and matrix as can be seen on Figure 11(c) . Under the effect of the drill, the fiber/matrix interfaces undergo high shear stresses and the fibers are thus debonded from each other and protrude from the machined surface. In addition to these defects, and in the immediate surroundings of the hole, deep matrix cracks can be observed in the ply (Figure 11(a) ). These cracks were not detected either with X-rays or by ultrasound checks. As explained above, a specimen with no hole was polished and no cracks were observed. Thus these cracks were not the result of the polishing process. The polishing process may have increased the cracks but certainly did not create them. The cracks again seem to be related to the drilling process because their density varies with the drilling configuration. The specimen of Figure 11 (b) has few defects but nevertheless has these kinds of cracks in the ply.
The main defects in the 45 layer ( Figure 12 ) were also localized at À45 relative to the main direction of the ply and the drill rotation direction. In the global reference system of the laminate, these defects were located at around 90 relative to the main direction of the laminate. As for the 0 ply, debonding among fibers was observed in the main direction of the ply. Near the area located at À45 relative to the main direction of the layer, fiber pull-out could be seen for both bad and good surface finish. Qualitatively, we see in Figure 12 (c) that the depth of defects was greater for poor finishing, which was to be expected.
The main defects of 90 ply ( Figure 13 ) were located at À45
and 135 relative to the direction of the ply and the drill rotation direction. These defects were mainly pull-out of fiber bundles. Figure 13(c) shows that the fibers have been pushed following the direction of drill rotation. Some of the fibers have been pulled down while others have bent under the action of the cutting edge but have not been ''broken''. The specimen on the right shows good surface finish, but there are still some deep cracks in the ply.
For the last direction (À45 ), the main defects were located at À45 and 135 relative to the direction of the ply and the drill rotation direction (Figure 14) . These defects had the shape of microcavities in the ply thickness. Debonding of fibers can be observed in the main direction of the ply. These fibers protrude from the machined surface. It is also clear that such depth defects, which may eventually affect the mechanical strength, cannot be detected by measuring roughness.
This micrographic analysis confirms the quantitative analysis proposed on the location and the type of defects created during a drilling operation. The mechanisms of occurrence of drilling defects and their nature have been identified. The area with the largest drilling defects is located between two axes (Figure 15) :
. An axis A, which represents the main direction of the ply.
. An axis B, located at À45 relative to the main direction of the ply (axis A)
The most significant drilling defects are located in the area bounded by these two axes. When looking at the holes near the axis A, a debonding of fibers can be seen. Between the two axes, we note:
. On the one hand, some fiber bundles that bent under the cutting edge and have not been cut. . On the other hand, the occurrence of microcavities linked to the failure of some of these fibers can be observed. These microcavities become larger as we look closer to axis B. The drilling defects on each of the plies cover a relatively large area, which, as these defects are almost symmetric, extends over a zone of two arcs of 45
. Thus, a quarter of each ply may suffer from marked drilling defects.
These original SEM observations provide information on the nature and the location of the drilling defects. They also give some indications on the original roughness profile of drilled laminates, with a very discontinuous and sharp geometric shape of the cuts. This analysis should be useful for defining a specific roughness criterion for composites. In the next section, the size (extent and depth) of these defects is measured with a roughness meter. A non-usual criterion (the percentage of bearing surface) and the most common criteria, such as Ra, are compared.
Roughness analysis
The largest drilling defects have the aspect of microcavities. But, as already pointed out, some fibers protrude from the machined surface. Figure 16 (a) shows many red dots corresponding to positive amplitudes of drilling defects. The presence of these points can be explained by microscopic observations. One of the red dots was observed by SEM and is shown in Figure 16 (b). Fibers are clearly above the surface of the hole. Some fibers fell at the cutting edge in the drilling operation and were badly cut, protruding beyond the machined surface. This defect has already been identified by Ghidossi. 36 It occurs when the fibers are oriented at 0 with respect to the direction of cutting. However, in practice, this defect is not important because the fibers fold and do not carry the bearing forces of a bolt. For this reason, the total area filled by these drilling defects was assessed because, during the contact between the bolt and the hole wall, this area does not bear the bolt. The bearing surface is then the total surface of the hole wall minus the surface area occupied by microcavities. This criterion is important because it defines the percentage of the area of the hole wall that is in contact with the bolt. It represents a version of the damaged surface criterion proposed by Ghidossi 36 and extends over the entire hole. It is also defined in the ISO 13565-2, ISO 13565-3, and ISO 12085 standards (bearing length) and ISO 25178 for the surface. It was originally created to analyze the capacity of a bearing surface to retain oil locally for lubrication. Figure 17 represents the methodology for calculating the criterion of bearing surface.
To calculate the percentage of bearing surface, the data collected by the roughness meter and exported to MATLAB were re-processed. Initially these data were presented in the form of a matrix where the number of columns corresponded to the number of lines of measurement (so 240 columns). The number of rows of the matrix corresponded to the measured thickness (3.2 mm for the quasi-isotropic laminate and 4 mm for the oriented laminate). Since the dot frequency was 2 points every 0.5 mm, 6400 lines were obtained for the quasiisotropic laminate and 8000 lines for the oriented one. To achieve the plane map presented above, MATLAB carried out linear interpolation between columns. To calculate the percentage of bearing surface, the rows of the matrix were drawn one by one in a cylindrical coordinate system. The steps below give the details of the calculation:
. Initially, a cylinder of diameter 6.35 mm was drawn, which had a height equal to the thickness measured (3.2 or 4 mm). This cylinder was considered to be the arithmetic average of the profile line. The mean line of a profile was the line between the profile's peaks and hollows. . Secondly, a roughness envelope was created around the 6.35-mm-diameter cylinder. Then, all positive values of the amplitude of this profile were considered as peaks of the profile and all negative values of amplitude were considered as hollows of the profile. Figure 18 shows an example of hole wall mapping in a cylindrical coordinate system. Figure 18 (a) represents the total hole wall surface (peaks and microcavities) and Figure 18 (b) represents the bearing surface as described above. These maps can be thought of as the result of taking an impression of the hole wall. Thus the external rough edges of the maps represent the valleys of the profile and the internal rough edges represent the peaks of the profile. The interest of this criterion is that it can be calculated on the entire surface of the hole and also on several individual areas depending on the type of mechanical loading applied to the specimen. For example, in the case of a bearing test, some authors, e.g. Gohorianu, 42 have determined that there is an area in which the bearing stresses are the greatest. This area is located between À45 and þ45 around the bearing axis ( Figure 19) . It is therefore possible to calculate the bearing surface criterion in an area of interest.
This criterion can also be calculated differently according to the loading case. The final failure of filled (or not) hole compression specimens is initiated in only a small part of the hole wall. [39] [40] [41] Presumably, a poor surface in this area could accelerate the initiation and/or propagation of damage in the area. We can therefore calculate the percentage of bearing surface in this area and evaluate its influence on the test results. It is noteworthy that, in the general case, when using the criterion Ra, the averages are taken over the entire surface, which tends to mask the influence of localized defects in initiating zones of failure.
The influence of the drilling parameters (see Table 1 ) on the roughness criterion Ra is shown in Figure 20 using a classical statistical box and whisker presentation (mustache boxes). The roughness (Ra) was measured for three specimens per drilling configuration. The graph shown in Figure 20 presents the evolution of the mean of Ra according to the drilling configuration applied (for 3 Â 240 measurements). A first point that can be noted is that the roughness (Ra) increases when the feed speed increases. It seems that the Ra max of the specimens of drilling configuration 2 is higher than the Ra max of the specimens of configuration 3. However, the box plots show that, for the specimens of drilling configuration 3, the minimum values of Ra, and 75% of all Ra values, are higher than those of the specimens of drilling configuration 2. This means that the surface finish of the specimens of drilling configuration 3 is generally worse than that of the specimens of configuration 2. A Student's test was conducted on the three batches of samples presented above in order to determine whether the Ra values of the three batches belonged to the same statistical population of Ra. This test, with a risk of 5%, assesses the probability that a hypothesis is verified. The hypothesis taken in this study was: ''the roughness values obtained with the 3 configurations belong to the same population''. If the probability of this hypothesis (p-value) is less than 5%, then the assumption is not verified and the hypothesis is rejected. Otherwise, we can consider that it is true. Table 2 shows the different p-values. The red values represent the cases where the hypothesis is verified. The specimens of drilling configurations 2 and 3 belong to the same Ra statistical population. The box plots representing the evolution of the percentage of bearing surface for the same specimens are presented in Figure 21 in order to compare these results with those obtained regarding the Ra criterion. It can also be noted that, for the percentage of bearing surface, drilling configurations 1 and 2 give relatively close bearing surfaces, the average difference of percentage of bearing surface between the configurations 1 and 2 being about 3.74%. This difference is 10.74% on average between configurations 1 and 3.
The results according to the percentage of bearing surface differ from those observed with the roughness criterion Ra (Ra max observed around the hole). Regarding Ra, the specimens of configurations 2 and 3 belong to the same population and are different from the Ra values of the specimens of configuration 1. Regarding the percentage of bearing surface, configurations 1 and 2 produce closer surface finishes than configuration 3.
In order to observe the evolution of Ra according to the percentage of bearing surface, a hundred specimens were drilled, covering the three drilling configurations described above. The interest of this approach was to assess whether the roughness evolved with the same trend as the percentage of bearing surface. This could assess the feasibility of correlation between values of percentage of bearing surface and intervals of roughness values. Figure 22 shows the result of this study. In some cases, the same range of Ra values corresponds to different values of percentage of bearing surface. Moreover, given that the highest values of Ra do not correspond to the lowest values of percentages of bearing surface, establishing a link between these two criteria will be difficult.
Given that the roughness values also depend on the type of stylus used (the tip angles of the stylus can vary, e.g. 60 or 90 ), the values obtained with two types of stylus were compared for the same specimens. Twenty specimens were measured twice, the first time with a stylus of 60 tip angle and the second time with a stylus of 90 tip angle. Figure 23 shows the result for the Ra criterion. We can see that Ra is sensitive to the stylus used. The Ra values measured using the 90 stylus are less than half those measured by the 60 stylus. The results of these measurements regarding the percentage of bearing surface are given in Figure 24 . This criterion is less sensitive to stylus change and the maximum drop observed is about 2.78%.
Conclusions
In this research, a refined phenomenological analysis of hole wall defects in drilled CFRP laminates was performed. From a quantitative point of view, a usual roughness criterion was compared with a non-standard criterion. The principal drilling defects had the shape of sharp microcavities in the ply thickness. These microcavities were mainly located at À45 relative to the main direction of the ply and the tool rotation direction. Some other drilling defects, such as fiber debonding, were observed in the main direction of the fibers. It should be noted that these defects were averaged by the Ra criterion but the mechanical consequences could be very different. In hole bearing for example, the fibers that protrude from the hole are simply crushed while the cavities may serve as starting points for matrix cracking or delamination. It is for this reason that the percentage of bearing surface was proposed for evaluation. A comparison with the results of Ra measurements showed that these two criteria gave different results. Moreover, the highest Ra values did not match the lowest values of percentage of bearing surface. This is important because, in determining the influence of the surface on the mechanical strength, the Ra criterion does not necessarily distinguish the populations of specimens correctly. The sensitivity of the two criteria to measurement stylus geometry change was studied. It was noted that the Ra values were sensitive to a change of stylus.
In conclusion, this study raises the question of the analysis and quantification of the quality of holes drilled in composite laminates. The percentage of bearing surface was evaluated in the context of this study and confirmed the inadequacy of Ra. In the authors' opinion, other types of quality indicators, such as some used to characterize woods (SR sk and SR ku ) or others that may already exist or remain to be invented, must be evaluated to quantify the machined surface of laminated composites. Finally, the link between relevant indicators of the quality of the surface and the mechanical behavior of the drilled composite structures needs to be established by an exhaustive series of static and fatigue tests.
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